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Abstract
The measurement of the average lifetime of B hadrons using inclusively
reconstructed secondary vertices has been updated using both an improved
processing of previous data and additional statistics from new data. This has
reduced the statistical and systematic uncertainties and gives

B
= 1:582  0:011 (stat:) 0:027 (syst:) ps:




= 1:575  0:010 (stat:) 0:026 (syst:) ps:


























































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Ames Laboratory and Department of Physics, Iowa State University, Ames IA 50011, USA
2
Physics Department, Univ. Instelling Antwerpen, Universiteitsplein 1, B-2610 Wilrijk, Belgium
and IIHE, ULB-VUB, Pleinlaan 2, B-1050 Brussels, Belgium
and Faculte des Sciences, Univ. de l'Etat Mons, Av. Maistriau 19, B-7000 Mons, Belgium
3
Physics Laboratory, University of Athens, Solonos Str. 104, GR-10680 Athens, Greece
4
Department of Physics, University of Bergen, Allegaten 55, N-5007 Bergen, Norway
5
Dipartimento di Fisica, Universita di Bologna and INFN, Via Irnerio 46, I-40126 Bologna, Italy
6
Centro Brasileiro de Pesquisas F

isicas, rua Xavier Sigaud 150, RJ-22290 Rio de Janeiro, Brazil
and Depto. de F

isica, Pont. Univ. Catolica, C.P. 38071 RJ-22453 Rio de Janeiro, Brazil
and Inst. de F

isica, Univ. Estadual do Rio de Janeiro, rua S~ao Francisco Xavier 524, Rio de Janeiro, Brazil
7
Comenius University, Faculty of Mathematics and Physics, Mlynska Dolina, SK-84215 Bratislava, Slovakia
8
College de France, Lab. de Physique Corpusculaire, IN2P3-CNRS, F-75231 Paris Cedex 05, France
9
CERN, CH-1211 Geneva 23, Switzerland
10
Centre de Recherche Nucleaire, IN2P3 - CNRS/ULP - BP20, F-67037 Strasbourg Cedex, France
11
Institute of Nuclear Physics, N.C.S.R. Demokritos, P.O. Box 60228, GR-15310 Athens, Greece
12
FZU, Inst. of Physics of the C.A.S. High Energy Physics Division, Na Slovance 2, 180 40, Praha 8, Czech Republic
13
Dipartimento di Fisica, Universita di Genova and INFN, Via Dodecaneso 33, I-16146 Genova, Italy
14
Institut des Sciences Nucleaires, IN2P3-CNRS, Universite de Grenoble 1, F-38026 Grenoble Cedex, France
15
Research Institute for High Energy Physics, SEFT, P.O. Box 9, FIN-00014 Helsinki, Finland
16
Joint Institute for Nuclear Research, Dubna, Head Post Oce, P.O. Box 79, 101 000 Moscow, Russian Federation
17
Institut fur Experimentelle Kernphysik, Universitat Karlsruhe, Postfach 6980, D-76128 Karlsruhe, Germany
18
Institute of Nuclear Physics and University of Mining and Metalurgy, Ul. Kawiory 26a, PL-30055 Krakow, Poland
19
Universite de Paris-Sud, Lab. de l'Accelerateur Lineaire, IN2P3-CNRS, Ba^t. 200, F-91405 Orsay Cedex, France
20
School of Physics and Materials, University of Lancaster, Lancaster LA1 4YB, UK
21
LIP, IST, FCUL - Av. Elias Garcia, 14-1
o
, P-1000 Lisboa Codex, Portugal
22
Department of Physics, University of Liverpool, P.O. Box 147, Liverpool L69 3BX, UK
23
LPNHE, IN2P3-CNRS, Universites Paris VI et VII, Tour 33 (RdC), 4 place Jussieu, F-75252 Paris Cedex 05, France
24
Department of Physics, University of Lund, Solvegatan 14, S-22363 Lund, Sweden
25
Universite Claude Bernard de Lyon, IPNL, IN2P3-CNRS, F-69622 Villeurbanne Cedex, France
26
Universidad Complutense, Avda. Complutense s/n, E-28040 Madrid, Spain
27
Univ. d'Aix - Marseille II - CPP, IN2P3-CNRS, F-13288 Marseille Cedex 09, France
28
Dipartimento di Fisica, Universita di Milano and INFN, Via Celoria 16, I-20133 Milan, Italy
29
Niels Bohr Institute, Blegdamsvej 17, DK-2100 Copenhagen 0, Denmark
30
NC, Nuclear Centre of MFF, Charles University, Areal MFF, V Holesovickach 2, 180 00, Praha 8, Czech Republic
31
NIKHEF-H, Postbus 41882, NL-1009 DB Amsterdam, The Netherlands
32
National Technical University, Physics Department, Zografou Campus, GR-15773 Athens, Greece
33
Physics Department, University of Oslo, Blindern, N-1000 Oslo 3, Norway
34
Dpto. Fisica, Univ. Oviedo, C/P. Perez Casas, S/N-33006 Oviedo, Spain
35
Department of Physics, University of Oxford, Keble Road, Oxford OX1 3RH, UK
36
Dipartimento di Fisica, Universita di Padova and INFN, Via Marzolo 8, I-35131 Padua, Italy
37
Rutherford Appleton Laboratory, Chilton, Didcot OX11 OQX, UK
38
Dipartimento di Fisica, Universita di Roma II and INFN, Tor Vergata, I-00173 Rome, Italy
39
Centre d'Etudes de Saclay, DSM/DAPNIA, F-91191 Gif-sur-Yvette Cedex, France
40
Istituto Superiore di Sanita, Ist. Naz. di Fisica Nucl. (INFN), Viale Regina Elena 299, I-00161 Rome, Italy
41
Instituto de Fisica de Cantabria (CSIC-UC), Avda. los Castros, S/N-39006 Santander, Spain, (CICYT-AEN93-0832)
42
Inst. for High Energy Physics, Serpukov P.O. Box 35, Protvino, (Moscow Region), Russian Federation
43
J. Stefan Institute and Department of Physics, University of Ljubljana, Jamova 39, SI-61000 Ljubljana, Slovenia
44
Fysikum, Stockholm University, Box 6730, S-113 85 Stockholm, Sweden
45
Dipartimento di Fisica Sperimentale, Universita di Torino and INFN, Via P. Giuria 1, I-10125 Turin, Italy
46
Dipartimento di Fisica, Universita di Trieste and INFN, Via A. Valerio 2, I-34127 Trieste, Italy
and Istituto di Fisica, Universita di Udine, I-33100 Udine, Italy
47
Univ. Federal do Rio de Janeiro, C.P. 68528 Cidade Univ., Ilha do Fund~ao BR-21945-970 Rio de Janeiro, Brazil
48
Department of Radiation Sciences, University of Uppsala, P.O. Box 535, S-751 21 Uppsala, Sweden
49




Osterr. Akad. d. Wissensch., Nikolsdorfergasse 18, A-1050 Vienna, Austria
51
Inst. Nuclear Studies and University of Warsaw, Ul. Hoza 69, PL-00681 Warsaw, Poland
52
Fachbereich Physik, University of Wuppertal, Postfach 100 127, D-42097 Wuppertal 1, Germany
53
On leave of absence from IHEP Serpukhov
11 Introduction
The precise measurement of the B hadron lifetime is important for the study of the
weak decays of the b quark and of its couplings to the u and c quarks. Several direct
measurements of the average lifetime of B hadrons, 
B





pp colliders [1,2]. In this paper, an update to the previous result based on reconstructing
secondary vertices is presented. The result in this paper includes the data used for the
secondary vertex method described in [1], therefore it supersedes the previous result based
on this method.
2 The DELPHI detector
The DELPHI detector has been described in detail elsewhere [3], only those compo-
nents which were relevant to these analyses are discussed here.
The tracking of charged particles was accomplished with a set of cylindrical tracking
detectors whose axes were oriented along the 1.23 T magnetic eld and the direction
of the beam. The z axis was dened to be along the axis of the magnetic eld, with
positive z pointing in the direction of the outgoing electron beam. The Vertex Detector
(VD) [4], located nearest the LEP interaction region, provided measurements in R. The
VD had an intrinsic precision of 5{6 m and consisted of three concentric layers of silicon
microstrip detectors at average radii of 6.3 cm, 8.8 cm, and 10.9 cm. Outside the VD
between radii of 12 cm and 28 cm was the Inner Detector (ID), a jet chamber giving
up to 24 spatial measurements. The VD and ID were surrounded by the main DELPHI
tracking chamber, the Time Projection Chamber (TPC), which provided up to 16 space
points between radii of 30 cm and 122 cm. The Outer Detector (OD) at a radius of
198 cm to 206 cm consisted of ve layers of drift cells. The average momentum resolution
of the tracking system was measured to be (p)=p = 0:001 p (where p is expressed in





After alignment corrections had been applied, the precision of the charged particle
track extrapolation to the interaction region was measured using high momentummuons




events. For charged particles with a polar angle, , between 45 and
135 degrees, having 2 or more associated VD hits, a value of 26 2 m for this precision
was obtained. In hadronic events, the extrapolation accuracy has been measured over











is the transverse momentum
of the particle with respect to the z axis and is measured in units of GeV/c.
3 Data Sets and Event Selection
The analysis used the data collected with the DELPHI detector during 1991 to 1993.
After the following selection, the data contained over 1.5 million hadronic events.
Charged particles were required to have a measured momentum, p, greater than





, a reconstructed charged particle track length of more than 20 cm, and a distance of
closest approach to the centre of the beam interaction region of less than 5 cm in radius
and less than 10 cm in z. Neutral particles were required to have a measured energy of
at least 100 MeV and less than 50 GeV.
Hadronic events were selected which contained at least 7 charged particles, where the





2Furthermore, the sum of both the momentum of charged particles and energy of neutral
particles in these events was required to be greater than 16 GeV or the invariant mass




A detailed Monte Carlo simulation was needed to help identify events containing B
decays and extract the physics functions used to measure the lifetime. Thus, two Monte
Carlo data sets of hadronic events were generated [5] and passed through a detailed
simulation of the detector. In one sample, all the B hadron lifetimes were set to 1.200 ps,
except the 
b
lifetimewhich was set to 1.300 ps. This corresponded to an average lifetime
for B hadrons of 1.208 ps. In the other sample, the lifetimes of all B hadrons were 1.600 ps,
except for the 
b
for which it was 1.300 ps. The average lifetime of B hadrons in this
sample was 1.576 ps. Another simpler simulation was developed to model the charged
particle track eciency, position and momentum resolution of DELPHI detector. This
was used to create large simulated data samples with dierent average lifetimes of B
hadrons and fragmentation functions.
4 Lifetime Analysis
The techniques for inclusively reconstructing secondary vertices, identifying B hadrons
using these vertices and extracting an average B hadron lifetime using this information
have been described in section 5 of [1]. In this paper the analysis has not changed, the
only dierence being the increased statistics originating from the addition of the 1993
data set, and the use of a better understood 1991 and 1992 data set.
4.1 Secondary Vertex Identication
The procedure to nd secondary vertices consisted of two parts. The rst part was
to dene which charged particles belonged to candidate vertices. The second part was
to rene these vertices by removing mis-associated charged particles and measuring the
properties of the remaining candidate vertices [1].
Candidate vertices that contained four or more charged particles were considered to be
secondary vertices. The simulations were used to check their reliability. The total energy,
momentum and invariant mass of the charged particles at the vertex and the errors on
the position of the vertex were then calculated. The radial precision of the reconstructed
vertices was found to be 479  11 m.
4.2 B Enrichment





be the vector sum of the momenta of the individual charged particles associated with the



















= R= sin ;
where  is the angle between the momentum vector and the beam axis. Vertices as-
sociated with random charged particle crossings were a source of vertex contamination.
This background was reduced by requiring the number of charged particle tracks in a
reconstructed vertex (v
mult
) to be four or more. Vertices at low values of R were another
3source of background, where R is the radial distance of the reconstructed vertex position
from the beam centre, since these vertices contained a large number of particles associ-
ated with the primary vertex. To reduce the number of such vertices, L was required
to exceed 1.5 mm. Finally, in order to suppress light quark events, the largest invariant
mass (m
vmax
) associated with a vertex in the event passing the above requirements was
required to exceed 1.7 GeV/c
2
.






 4 and L > 1:5 mm,
the purity for events generated with 
B
= 1:576 ps was 93:5  0:3 % and the eciency
was 7:87  0:09 %. In addition to increasing the purity, these selection criteria improved
the reconstructed vertex precision from 479  11 m to 301  24 m.
This purity measured using the simulation was veried with the data in two ways.
First, by tting the momentum distributions of the leptons in these events and using
the known branching ratios for b ! lepton, b ! c and c ! lepton [6]. This method
measured a purity of 91:9  2:0 %. Second, by counting the number of events where
two vertices were selected in the data, using the eciency measured in the simulation






[6], it was possible to measure
the purity. After accounting for correlations induced due to the detector acceptance and
beam centre correlations, the purity was measured in the data to be 93:1  0:3%.
4.3 Average B Hadron Lifetime
In a hemisphere, the B hadron vertex is expected to be the vertex closest to the beam
centre. Therefore, in each hemisphere, only the closest vertex was used. In addition to
the cuts needed for B enrichment, a cut of L > 2:1 mm has also been required in order to
minimize systematic eects which were observed with the increased statistics (see section
4.4). After applying this cut a total of 23167 vertices were selected in the 1991{1993
data.
Separating the contributions coming from the bb, cc and light quark events, decay
length distributions were extracted from the simulation. The L distributions for the
cc and light quark events were parameterized by the sum of two exponentials. The bb
signal was parameterized by a single exponential, exp(-L=A), whose slope A was a linear
function of the B hadron lifetime. Using the purity determined from the simulation,
a likelihood t was performed on the data to extract the slope of the exponential for
the signal. The B hadron lifetime, in the data, was then calculated using this linear
relationship. Figure 1 shows the result of the t to the data, yielding a value for the
average B hadron lifetime of 1:582  0:011 ps. Independent samples of Monte Carlo
events were used to check the method. The lifetimes measured for these samples were
1.205  0.016 ps and 1.590  0.019 ps, to be compared with the generated values of
1.208 ps and 1.576 ps.
4.4 Systematic Uncertainties
The B hadron lifetime was extracted from the distribution of the decay length. The
distance L is equal to ct
B
and thus depends on the momentum distribution of the B
hadrons. The fragmentation of the Z into B hadrons in the simulation agreed with the
mean B energy value measured by DELPHI [7].
To measure the eect of fragmentation uncertainties on the measured lifetime, the
mean value of the fragmentation distribution was varied in the simulation. Shifts in the
mean value were directly related to shifts in the measured value of the lifetime. Therefore,
4the estimate of the systematic uncertainty of 0:019 ps was due to the uncertainty of
the mean value of X
E








Inherent to this analysis was an uncertainty in the knowledge of the B hadron lifetime
coming from the linear parameterization of the exponential slope as a function of life-
time. The errors calculated for the linear parameterization contributed an uncertainty of
0.014 ps in the measurement of the lifetime.
The range in decay length tted to determine the lifetime was varied, both by decreas-
ing the maximum allowed distance and by increasing the minimum required distance. If
there are dierences in the lifetimes of the dierent B species a systematic variation in
the measured average lifetime should be observed especially as the minimumdecay length
is varied. It is expected that the average lifetime should increase as the minimum decay
length is raised. Also, as the minimum decay length is increased, higher momentum B
hadrons are selected due to the shape of the fragmentation function. Therefore, dier-
ences in the shape of the fragmentation in the data and simulation can lead to systematic
uncertainties in the measured average B hadron lifetime. Dierences in lifetime between
the dierent B hadrons and dierences between the data and simulation in the shape of
the B fragmentation function would both give a variation approximately proportional to
the minimum decay length.
As shown in Figure 2, the minimum decay length was varied from 1.5 mm to 7.2 mm.
The measured average lifetime at 1.5 mm in Figure 2 diers from the lifetime at 2.1 mm
by 3.8 standard deviations after accounting for the strong correlation between these two
measurements. The other lifetimes plotted in Figure 2 are consistent within the statistical
errors. In the previous measurement, this eect was not seen due to the lack of statistics.
Therefore, an additional cut of L > 2:1 mm has been made to reduce the uncertainty in
the lifetime associated to this eect. When a linear t to the resulting average lifetimes
as a function of minimum decay length (for L > 2:1 mm) was extrapolated to zero
minimum decay length, it yielded a value for the lifetime which diered by 0.008 ps from
the quoted result. Therefore a systematic uncertainty of 0.008 ps was attributed for this
eect.
The measurement of the lifetime depends on the determination of the angle . To
check for any possible bias in  due to detector eects, the data were separated into six 
bins in both positive and negative z, since the TPC, which measures , is divided in this
way. The lifetimes were then computed separately in each region. The main systematic
in the 1992 data set used in [1] was a detector eect which caused the lifetime to vary as
a function of  and z. In this measurement, a more recent processing of 1992 data has
been used, where the alignment and other detector parameters are better understood. No
systematic shifts in the lifetime were observed and therefore no systematic uncertainty
due to detector dependent eects has been assigned. An uncertainty of 0.007 ps has been
assigned based on the known measurement uncertainty in .
If the production rates of b and c hadrons, the subsequent branching ratios of b hadrons
into c hadrons and the lifetimes of the c hadrons in the simulations were dierent from
those in the data, this would also aect the measurement of the average B hadron lifetime.
These production rates and branching ratios were varied within the uncertainties of their





by   1:2% [6] and the D
s
by   3:5%. The combined systematic
uncertainty, due to these eects, on the average B hadron lifetime has been estimated to
be 0.006 ps.
5The measured distance, L, was distorted by the association of charged particles from
cascade c decays as well as intrinsic detector resolution. The radial shifts of the vertex
position were studied in the simulation. The dierence between the measured radial
distance R and the generated radial distance R
phys
is given by  = R
phys
  R. The
resolution for  was found to be 301  24 m and peaked near zero. A tail observed at
negative values of  was attributed to charged particles from subsequent cascade decays
moving the vertex position radially outwards, by an average of 95  17 m. The
data were selected based on the error distribution of L, L, in order to check if there
were any systematic biases due to measurement uncertainty and resolution. The lifetime
was recalculated and the maximum change of 0.005 ps was attributed as the systematic
uncertainty due to the choice of L.
The purity was correlated to the lifetime through the shape of the decay length distri-
butions. Therefore, the purity was not allowed to vary in the t to extract the lifetime.
The purity was measured with an accuracy of 0.34 %. Thus, the purity was changed
by  0.34% in the tting procedure to nd the corresponding shift in the lifetime. The
systematic uncertainty in the lifetime due to the purity was found to be 0.003 ps.
Other possible sources of systematic uncertainty were considered. They were found to
give negligible contributions to the overall systematic uncertainty, but are described here
for completeness.
The data were selected based on the 
2
probability of the vertex t as a systematic
check of the lifetime. The resulting changes in the measured lifetime were consistent
within the expectations coming from statistical uctuations.
The eciency for reconstructing a B vertex was measured as a function of decay
length in the simulation. The measured lifetime was sensitive only to changes in the
eciency as a function of decay length, in particular to dierences between the data and
simulation. Reassociation of charged particles from the secondary vertex to the beam
centre, in the process of rening candidate vertices, sometimes caused the true secondary
charged particles to be reassociated with the beam centre, thus causing the vertex to
be lost. These reassociated charged particles were by denition charged particles not
associated to the secondary vertex but having a small impact parameter with respect
to the secondary vertex position. The average number of these charged particles as a
function of decay length is a measure of the eciency for reconstructing a vertex as a
function of decay length. The number of reassociated charged particles as a function of
decay length was measured in both the simulation and data and found to agree well,
within the statistics. Therefore, no systematic uncertainty on the lifetime was attributed
to the variation of the eciency with decay length.
The vertex resolution was measured in the data and simulation. This was done by
removing from the vertex the charged particle with the largest transverse momentum
with respect to the ight direction and recomputing the vertex position. The impact
parameter of this charged particle was then calculated with respect to the recomputed
vertex position. The resolution could then be measured in the data, relative to the
simulation, by measuring the width of this impact parameter distribution. The widths
found in the data and simulation, as a function of L, were in good agreement.
The parameters which control the shape of the background were changed by their
uncertainties. No signicant change in lifetime was found. Also no signicant change
in lifetime was observed for dierent selections of vertex multiplicity or vertex charge,
dened to be the total charge of the particles associated to the vertex.
The total systematic uncertainty of  0.027 ps was calculated by adding in quadrature
all the uncertainties summarized in Table 1. The major improvement with respect to
6Table 1: Systematic sources of uncertainty in the measurement of 
B
.
Source of Uncertainty 
B
(ps)
B Fragmentation  0.019
Monte Carlo Statistics  0.014
Fit Range  0.008
  0.007
Cascade c Decays  0.006
L  0.005
B Purity  0.003
Total  0.027
Table 2: Fraction of B hadrons before and after event selection as obtained from the
simulation. The lifetime for all B hadron species was 1.60 ps.













Other B Baryons 0.010 0.008 0.001
the previous analysis [1] comes from the use of a better understood 1992 data set and
improved knowledge of the fragmentation of B hadrons.
The average lifetime for B hadrons is determined by the production fractions and
lifetimes of the various B hadrons. Therefore, any selection bias, in choosing events,
which changes the relative fractions of the species may change the measurement of the
average lifetime. Table 2 lists the fraction of the various B hadrons remaining in this
analysis after applying all selection criteria, compared to the fraction of these hadrons
originally produced in the simulation, assuming all the B hadrons have lifetimes of 1.60 ps.
However, if the 
B
lifetime was changed to be 1.20ps, then based on the 2.1 mm decay
length cut and the mean value of X
E
used in this paper, the 
B
fraction would reduce






and other B Baryons fractions would become 0.411, 0.401,
0.125, and 0.008 respectively.
5 Conclusions
The average lifetime of B hadrons has been measured by the DELPHI experiment using
the 1991-1993 data with a method based on the inclusive reconstruction of secondary
vertices in hadronic events. The result of the analysis is

B
= 1:582  0:011  0:027 ps:
Combining this result with the previous result [1] which used charged particle impact
parameter distributions, rst requires the previous result to be corrected for the change
7in the accepted mean value of X
E
. Correcting this previous result of

B




= 1:531  0:021  0:044 ps:




= 1:575  0:010  0:026 ps:
Acknowledgements
We are greatly indebted to our technical collaborators and to the funding agencies for
their support in building and operating the DELPHI detector, and to the members of
the CERN-SL Division for the excellent performance of the LEP collider.
8References
[1] P. Abreu et al. (DELPHI Collaboration), Z. Phys. C 63 (1994) 3.
[2] D. Buskulic et al. (ALEPH Collaboration), CERN-PPE/95-121 (1995), subm. to
Phys. Lett. B;
F. Abe et al. (CDF Collaboration), Phys. Rev. Lett., 71 (1993) 3421;
O. Adriani et al. (L3 Collaboration), Phys. Lett. B 317 (1993) 474;
R. Akers et al. (OPAL Collaboration), Z. Phys. C 60 (1993) 217;
K. Abe et al. (SLD Collaboration), Phys. Rev. Lett 75 (1995) 3624.
[3] P. Aarnio et al. (DELPHI Collaboration),Nucl. Instr. and Meth. A 303 (1991) 233.
[4] N. Bingefors et al. Nucl. Instr. and Meth. A 328 (1993) 447.
[5] LUND JETSET 7.3, T.Sjostrand and M.Bengtsson, Comp. Phys. Comm. 43 (1987)
367.
[6] Particle Data Group, Phys. Rev. D 50 (1994) 1173.
[7] P. Abreu et al. (DELPHI Collaboration), Z. Phys. C 66 (1995) 323.
[8] LEP B Lifetimes Working Group DELPHI 94-164 PHYS 467, 18 January 1995.
9Figure 1: a) Result of the t to the decay length distribution of the 1991{1993 data,
where 
B
= 1.582  0.011 ps. The lower curve shows the background assumed in the t
using a parameterization for the background from the simulation and b) the ratio of the
data to the tted curve.
10
Figure 2: The average B hadron lifetime as a function of the minimum decay length.
